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The  use  of  ionic  liquids  (ILs) as electrolytes  in  aqueous  biphasic  systems  (ABS)  composed  exclusively  of
polymers  and  their  application  to  the  extraction  of biomolecules  is  here  studied.  The  binodal  curves of
the quaternary  systems  formed  by  polyethylene  glycol  (PEG  8000),  sodium  poly(acrylate)  (NaPA  8000),
water and ILs or  inorganic  salts  as electrolytes  are  established.  These  systems  enable  the  assessment  of
the inﬂuence  of the  salt  nature,  chemical  structure  and  concentration  on the two-phase  formation.  These
systems  were  characterized  regarding  the  pH  and the  ILs’  partition  between  both  phases.  Moreover
the  extractive  potential  of these  ABS  is  evaluated  using  the  protein  cytochrome  c  (Cyt c)  and  the  dye
chloranilic  acid  (CA).  The  main  results  on  the  extraction  efﬁciencies  show  that  Cyt c is recovered  in thelectrolytes
olyethylene glycol
odium poly(acrylate)
xtraction
NaPA  8000-rich  phase  (EECyt  c > 96.13  ±  3.22%),  while  CA  preferentially  migrates  towards  the  PEG 8000-
rich  phase  (EECA > 80.13  ±  1.45%).  The  optimal  electrolyte  concentration  in  the  CA  partition  was  found  to
be  the lowest  possible,  i.e.  0.1  wt%,  as it leads to a  remarkable  increase  in  the  partition  coefﬁcient  of  CA
(KCA) towards  the  PEG 8000-rich  phase.  These  results  indicate  that  this  class  of polymeric  ABS  may  be  an
advantageous  tool  in the  development  of  novel  extractive  platforms.
©  2015  Elsevier  Ltd. All  rights  reserved.. Introduction
Polyethylene glycol (PEG) is a non-ionic polymer commonly
sed in the preparation of aqueous biphasic systems (ABS), since it
resents advantageous characteristics in terms of biodegradability,
oxicity and cost-effectiveness. In order to create polymeric ABS,
lends of PEG with other polymers, such as maltodextrin [1,2] and
pecially dextran [3,4], are the most common options. The num-
er of water soluble polymers and of their mixtures is very large;
et, some of the potential pairs of polymers are not able to form
wo-phase systems at operationally convenient amounts. This lim-
tation triggered the creation of a novel type of ABS, capable of
inimizing the polymers concentrations required, while increas-
ng those of water [5–7]. This can be attained through the addition
f small amounts of a salt (1–5 wt%) [6] to an aqueous solution of
olymers, where they act as electrolytes and induce phase sepa-
ation. When no salt is added the two-phase formation does not
ccur or is only observed at very high polymer concentrations, and
∗ Corresponding author. Tel.: +351 234 370200; fax: +351 234 370084.
E-mail address: spventura@ua.pt (S.P.M. Ventura).
ttp://dx.doi.org/10.1016/j.procbio.2015.02.001
359-5113/© 2015 Elsevier Ltd. All rights reserved.therefore, the presence of one electrolyte is essential for this type of
ABS formation [5–7]. Molecular mechanisms ruling the phase sep-
aration phenomenon were proposed by Johansson et al. [6]. They
showed that the phase separation was promoted by the presence of
the electrolyte ions which decrease the entropy of compartmental-
ization of the counter ions in the co-existing phases. The adequate
selection of the electrolyte allows the control of the width of the
biphasic regions [6], in which it is possible to work at very low
polymers’ concentrations (i.e. lower than 10 wt% of each polymer),
and the partition of the solutes between the phases. These sys-
tems have been applied to the extraction and puriﬁcation of an
extensive range of molecules of biotechnological importance from
several sources namely, distinct proteins [8,9], enzymes [8,10–12],
DNA [13,14] and antibiotics [15]. Since such systems were shown
to maintain the native conformation and biological activity of var-
ious biomolecules including proteins, and allow high yields in the
puriﬁcation processes [8,9], they are believed to be biocompatible
and effective extraction processes.Ionic liquids (ILs) are salts, liquid at temperatures below 100 ◦C,
composed of large organic cations with dispersed charge, and
anions of either inorganic or organic nature [16]. They present
unique characteristics [16] and an outstanding ability to solvate
662 J.H.P.M. Santos et al. / Process Bioch
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aFig. 1. Chemical structures of the polymers and the molecules under study.
ompounds from a wide spectrum of polarities [17,18]. The tunab-
lity of the ILs’ properties by anion–cation combinations [19] makes
t possible to control the formation and design of ABS by the manip-
lation of the phases’ polarities allowing the creation of tailored
ystems for a given purpose. Their applications are well beyond the
BS domain since these ionic compounds are widely used in several
reas of expertise such as organic chemistry [20], electrochemistry
21] and nanotechnology [22].
This work aims at studying the use of ILs as electrolytes to
repare polymeric ABS. Firstly, binodal curves of quaternary sys-
ems composed of PEG + sodium polyacrylate (NaPA) (both with
n average molecular weight of 8000 g mol−1) + ILs or inorganic
alts (as electrolytes) + water were established at (298 ± 1) K and
tmospheric pressure. Several ILs formed by distinct cations and
nions and inorganic salts were applied as electrolytes, allowing
he comparative assessment of their performance. The second part
f this work evaluates the use of these systems in extraction pro-
esses, in which cytochrome c (Cyt c) and chloranilic acid (CA) were
ested as model molecules. For this purpose only ABS containing
midazolium-based ILs and inorganic salts at either ﬁxed or vari-
ble concentrations were considered. The ILs partition among the
wo phases, the pH and extraction parameters (extraction efﬁcien-
ies for the two model compounds and partition coefﬁcients for
A) were determined. Insights into the partitioning phenomenon
re provided, allowing the development of heuristic rules for the
esign of these systems as powerful extraction platforms.
. Materials and methods
.1. Materials
PEG 8000 and the aqueous solution of NaPA 8000 (45 wt%)
ere used as received from Sigma-Aldrich®. Na2SO4 and NaCl were
cquired from Synth® with 98% of purity. Chloranilic acid (purity
99 wt%) and cytochrome c from equine heart (purity = 95 wt%)
ere purchased from Merck® and Sigma–Aldrich®, respectively.
he chemical structures of the polymers and the model molecules
sed are provided in Fig. 1. Eleven ILs sharing distinct cations and
nions were investigated and their names, acronyms, chemical
tructures, purities and suppliers are listed in Table 1. The purity of
ll ILs was conﬁrmed by 1H and 13C NMR  and found to match theemistry 50 (2015) 661–668
suppliers’ information. The water used was double distilled, passed
by a reverse osmosis system and further treated with a Milli-Q plus
185 water puriﬁcation apparatus.
2.2. Binodal curves determination
The experimental binodal curves were determined gravimet-
rically, within an uncertainty of ±10−4 g, using the cloud point
titration method [23] at (298 ± 1) K and atmospheric pressure.
Brieﬂy, three stock aqueous solutions were prepared: 50.0 wt%
of PEG 8000 + 5.0 wt% of IL or inorganic salt, 18.0 wt% of NaPA
8000 + 5.0 wt% of IL or inorganic salt and water + 5.0 wt% of IL or
inorganic salt. Additionally, four distinct IL and inorganic salt con-
centrations (used as electrolytes) were tested, namely 5.0, 2.5, 1.0
and 0.1 wt%. Drop-wise addition of the PEG 8000-containing solu-
tion was carried out to the solution of NaPA 8000 (and/or vice versa
when necessary) until the visual detection of two  phases. Sub-
sequently, drop-wise addition of the IL/inorganic salt-containing
solution was conducted until the two phases disappear (monopha-
sic region). This procedure was  repeated several times in order to
obtain the binodal curve, being performed under constant stirring.
The experimental phase diagrams data were correlated using the
Merchuk equation [24] (Eq. (1)):
[PEG 8000] = A exp[(B × [NaPA 8000]0.5) − (C × [NaPa 8000]3)
(1)
where [PEG 8000] and [NaPA 8000] represent the weight percent-
ages of PEG 8000 and NaPA 8000, respectively. A, B and C are
constants obtained by the regression of the experimental data.
The Merchuk equation was  chosen since it has a low number of
adjustable parameters to correlate these data and it is the most
commonly applied [25].
2.3. Partition of Cyt c, CA and imidazolium-based ILs
For the partition studies, only the imidazolium-based ILs and
the inorganic salts were used. A mixture point within the biphasic
region was  selected and prepared by weighing the appropriate
amounts of each compound: 15.0 wt%  of PEG 8000 + 4.5 wt% of
NaPA 8000 + 5.0 wt% of electrolyte + 0.1 g of a Cyt c stock aqueous
solution (at circa 5.0 g L−1) or 1 g of a CA stock aqueous solu-
tion (at circa 0.72 g L−1) + water (fulﬁlling a total mass of 5 g). For
further optimization, the effect of electrolyte concentration on
the partition of CA was  addressed by using systems containing
either [C2mim][N(CN)2] or NaCl. In these cases, the same mixture
compositions aforementioned were prepared by varying only the
amount of electrolyte: 5.0; 2.5; 1.0 and 0.1 wt%. All the compo-
nents were mixed together using a Vortex agitator (IKA, C-MAG
HS7), and then equilibrated at (298 ± 1) K and atmospheric pres-
sure during 12 h, allowing the equilibrium to be reached. At the
end, the ﬁnal systems generated two  clear phases, a PEG 8000-
rich as the top and a NaPA 8000-rich as the bottom layer, with
a well-deﬁned interface in between. The coexisting phases were
carefully separated and collected for the measurement of their vol-
umes and pH values, as well as for the molecules quantiﬁcation
assays.
The target compounds and the imidazolium-based ILs content
was determined using a Molecular Devices Spectramax 384 Plus |
UV–Vis Microplate Reader, at the respective maximum wavelength
of absorbance, namely 409 nm for Cyt c, 330 nm for CA, and 211 nm
for the [C2mim]X. At least three independent samples of each sys-
tem were prepared, being the average values reported along with
the respective standard deviations.
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Table  1
List of names, acronyms, chemical structures, purities and suppliers of the ILs investigated.
Name
Acronym
Chemical structure Purity (wt%) Supplier
Imidazolium-based ILs
1-Ethyl-3-methylimidazolium chloride
[C2mim]Cl
>98
Iolitec® (Ionic Liquid
Technologies,
Germany)
1-Ethyl-3-methylimidazolium dimethylphosphate
[C2mim][DMP]
>98
1-Ethyl-3-methylimidazolium methanesulfonate
[C2mim][CH3SO3]
>99
1-Ethyl-3-methylimidazolium tosylate
[C2mim][Tos]
99
1-Ethyl-3-methylimidazolium acetate
[C2mim][CH3CO2]
>95
1-Ethyl-3-methylimidazolium triﬂate
[C2mim][CF3SO3]
99
1-Ethyl-3-methylimidazolium dicyanamide
[C2mim][N(CN)2]
>98
1-(2-hydroxyethyl)-3-methylimidazolium chloride
[OHC2mim]  Cl
99
Ammonium-based ILs
Tetraethylammonium chloride
[N2,2,2,2]Cl
>98 Sigma–Aldrich®
Tetraethylammonium bromide
[N2,2,2,2]Br
>98 Fluka AG – Chemische
Cholinium chloride
[Ch]Cl
>98 Sigma–Aldrich®
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The IL partition coefﬁcient (KIL) was calculated as the ratio
etween the amount of IL present in the PEG 8000-rich phase (top)
nd NaPA 8000-rich phase (bottom), as described by Eq. (2):
IL =
Abs (ILPEG8000-rich phase)
Abs (ILNaPa8000-rich phase)
(2)
here Abs(ILPEG 8000-rich phase) and Abs(ILNaPA 8000-rich phase) are the
L absorbance output measured for the top and bottom phases,
espectively.
The CA partition coefﬁcient (KCA) is deﬁned by the ratio of the
A concentration in the top phase, [CA]PEG 8000-rich phase, to that in
ottom the phase, [CA]NaPA 8000-rich phase as indicated by Eq. (3).
CA =
[CA]PEG8000-rich phase
[CA]NaPA8000-rich phase
(3)
Partition coefﬁcients for Cyt c are not reported due to analytical
imitations that prevented the determination of its concentration
n the PEG 8000-rich phase (where its concentration is below the
etection limit). Hereupon, the direct comparison between the
artition of the two molecules under study will be made by the
xtraction efﬁciency (EE, %) parameter, calculated following Eq. (4):
E = Vmolecule-rich × [M]molecule-rich
Vi × [M]i
× 100 (4)Vi and [M]i are the initial volume and the initial concentration
f molecule added in the extraction systems preparation, while
molecule-rich and [M]molecule-rich denote the volume and concentra-
ion of the molecule in the phase where it is more concentrated: top
hase in the case of CA (EECA) and bottom phase for Cyt c (EECyt c).
t should be noted that blank controls, where the CA or the Cyt
 solutions were replaced by water, were used to remove possi-
le interferences from the phase components in the quantiﬁcation
ethodologies. Finally, the pH values of both phases for all systems
ested were measured at (298 ± 1) K using a Digimed DM-22 dual
eter pH equipment with an uncertainty of ±0.02 pH units.
ig. 2. Phase diagrams of the polymeric ABS containing 5.0 wt% of electrolyte (either ino
implify the analysis): NaCl ( ), Na2SO4 (), [C2mim][N(CN)2] ( ), [C2mim][Tos] ( ), [C2m
 ), [N2,2,2,2]Br ( ), [C2mim][CH3SO3] ( ), [N2,2,2,2]Cl ( ), [C2mim][DMP] ( ). Binodaemistry 50 (2015) 661–668
3. Results and discussion
3.1. Preparation of polymeric ABS with ILs as electrolytes
Neither the use of ILs as electrolytes (they have been widely
used in electrochemistry and in lithium batteries [26,27]) nor the
use of electrolytes in polymeric ABS (Johansson et al. [6] have
addressed the inﬂuence of inorganic salts as electrolytes) are a
novelty. The application of ILs in the generation of novel ABS is
vast [16]. In this ﬁeld, they can be combined with a wide plethora
of other solutes (inorganic [23,28] or organic [29,30] salts, poly-
mers [31,32] and carbohydrates [33,34]) as one of the main two
phase formation agents or even used as adjuvant [35] in polymer-
salt-based systems (to tune the polarity of the aqueous phases).
Yet, there is no previous report on the use of ILs as electrolytes
in the domain of polymeric ABS, i.e. to induce the formation of
ABS in aqueous solutions of two  polymers at useful concentra-
tions. To start, the experimental binodal curves were determined,
being their graphical representations, along with the correlations
by the Merchuk equation presented in Figs. 2 and 3. The detailed
experimental weight fraction data and correlation parameters (A,
B and C) are reported in Supporting Information (Tables A.1–A.4).
The ILs used allow the investigation of several parameters related
with the application of ILs as electrolytes, namely the nature of the
anion moiety, the cation core and their mass concentration. Table 2
reports all trends gauged for the electrolytes’ aptitude to promote
the phase separation, organized according to each parameter eval-
uated.
From the results, it can be concluded that, as the inorganic salts,
the ILs can also act as electrolytes inducing the formation of ABS as
shown in Fig. 2. Despite the higher capability to induce phase sep-
aration demonstrated by the inorganic salts, probably due to their
higher charge density, it seems that the phase split can also be cre-
ated and manipulated by the addition of various ILs and by playing
with the cation/anion combination (Fig. 2 and Table 2). However,
it seems that on these systems they have, in general, a higher
capacity to induce phase separation when compared with other
IL-containing ABS (e.g. IL + polymer, polymer + inorganic salt + IL as
adjuvant, IL + salt)[16] (cf. Figure A.1 in Supporting Information).
This is of major importance, since there is a natural interest to ﬁnd
systems that can move the binodal curve towards the water-rich
region in the phase diagram, due to the low component content
rganic salts or ILs) grouped according to the type of effect investigated (in order to
im][CF3SO3] ( ), [C2mim]Cl ( ), [Ch]Cl ( ), [OHC2mim]Cl ( ), [C2mim][CH3CO2]
l curves ﬁtted using Eq. (1) are represented in dashed lines.
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Fig. 3. Phase diagrams of polymeric ABS at different electrolytes’ concentration:
5.0  wt% of NaCl ( ), 2.5 wt% of NaCl ( ), 1.0 wt% of NaCl ( ), 0.1 wt% of NaCl
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Fig. 4. Graphical representation of KIL values determined for the [C2mim]-based
ILs  and their relationship with the ability for ABS formation. The ILs marked in red), 5.0 wt%  of [C2mim][N(CN)2] ( ), 2.5 wt% of [C2mim][N(CN)2] ( ), 1.0 wt% of
C2mim][N(CN)2] ( ), and 0.1 wt% [C2mim][N(CN)2] ( ). Binodal curves adjusted
sing Eq. (1) are represented in dashed lines. The arrow is a guide to the eye.
polymer/salt) required, allowing the reduction of the overall cost
ssociated to the technology and the decrease in the viscosity,
reating more biocompatible ABS. The impact of several anion
oieties on the polymeric ABS formation was assessed by using
ither [C2mim]-based or [N2,2,2,2]-based ILs (binodal data depicted
n Fig. 2). Eight distinct anions, namely Cl−, Br−, [DMP]−, [CH3SO3]−,
Tos]−, [CH3CO2]−, [CF3SO3]− and [N(CN)2]− were investigated,
nd their aptitude to promote the phase separation is detailed in
able 2 (the tendencies were retrieved at circa 4 wt% of NaPA 8000).
lthough the phase formation mechanism must be very different
rom that observed for IL + salt ABS, the trends here observed are
urprisingly similar to those described in previous works for con-
entional imidazolium [23] or ammonium [36] + salt-based ABS.
ince this follows the inverse trend of the salts hydrophobicity,
.e. the anions with a higher hydrogen bonding basicity are those
ith a lower ability to induce the phase separation, the mechanism
eems to be related with the cation–anion interaction and their
bility to dissociate in aqueous solution so that the anions induce a
hase separation. The same type of effect was reported by Johans-
on et al. [6] for inorganic salts of different hydrophobic/hydrophilic
haracter as electrolytes on polymeric ABS.
Fig. 2 also shows the effect of non-aromatic and non-cyclic
[N2,2,2,2]+ and [Ch]+) and functionalized ([OHC2mim]+) cations
egarding the ABS formation (details are reported in Table 2 for
l-based ILs). It seems that two different driving forces inﬂuence
he ABS formation. For the imidazolium-based ILs, the increasing
ydrophobicity from [OHC2mim]+ to [C2mim]+ moves the binodal
urve towards the water-rich region, as reported in literature
able 2
bility of electrolytes to promote the formation of polymeric ABS.
Parameters Rank of the electrolytes’ performance (at
circa 4 wt% of NaPA 8000)
Salts vs. ILs NaCl ≈ Na2SO4 > ILs
IL anion [C2mim]-based ILs:
[N(CN)2]− > [Tos]− ≈ [CF3SO3]− > Cl− >
[CH3CO2]− > [CH3SO3]− > [DMP]−
[N2,2,2,2]-based ILs:
Br− > Cl−
IL cation Cl-based ILs:
[C2mim]+ ≈ [Ch]+ > [OHC2mim]+ > [N2,2,2,2]+
Electrolyte concentration NaCl:
5.0 wt% ≈ 2.5 wt%  > 1.0 wt%  > 0.1 wt%
[C2mim][N(CN)2]:
5.0 wt% > 2.5 wt%  > 1.0 wt% > 0.1 wt%represent the outsiders. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web  version of the article.)
[16,18], while for the non-cyclic ammonium-based compounds
([N2,2,2,2]Cl and [Ch]Cl), a reverse effect is observed. In this case,
[N2,2,2,2]+ represents the most hydrophobic core being however,
contrarily to what was observed for the anions and the imid-
azolium cations, the less able to promote the separation of the
phases. This suggests that both the cation–anion interaction and the
hydrophobic nature of the cation are inﬂuencing the ABS formation
in opposite ways.
The [C2mim]-based ILs’ capacity to act as electrolyte in poly-
meric ABS (Table 2) seems to be correlated with the KIL (the
ratio between the amount of IL present in the PEG 8000-rich
and NaPA 8000-rich phases, respectively, at the mixture point
15.0 wt% of PEG 8000 + 4.5 wt%  of NaPA 8000 + 5.0 wt% of [C2mim]-
based ILs). This partition coefﬁcient varies with the IL under
study in the order [C2mim][DMP] ≈ [OHC2mim]Cl < [C2mim][CH3
SO3] < [C2mim][CF3SO3] < [C2mim][CH3CO2] < [C2mim][Tos] < [C2
mim]Cl < [C2mim][N(CN)2], which is the direct order to their ability
to induce phase separation as reported in Fig. 4. The conclusion
emerging from the KIL data is that the partition of the ILs between
the aqueous phases is the main driving force behind the different
aptitudes of the ILs to induce ABS formation in polymeric systems.
ILs with partition coefﬁcient values closer to the unit represent
systems with higher ability to induce phase separation. In this
respect their behaviour resembles that of common salts previously
described by Johansson et al. [6]. Three ILs appear as exceptions
to this general behaviour, namely [C2mim]Cl, [OHC2mim]Cl and
[C2mim][CH3CO2], suggesting the possibility of additional speciﬁc
interactions occurring and contributing to the phase split (estab-
lishment of additional hydrogen bonds between PEG 8000 and
[CH3CO2]− and Cl− anions or extra hydrophilic forces between
the [OHC2mim]+ cation and NaPA 8000). Additionally, some of
these tendencies are reversed or even faded at different regions
of the binodal curves (i.e. when moving from the PEG 8000-richer
to the NaPA 8000-richer region). The most evident example is
represented by the quaternary system containing [OHC2mim]Cl
that below 1–2 wt% of NaPA 8000 is the one revealing a lower
aptitude to induce phase separation, being this inversed at high
concentrations of NaPA 8000, sustaining the idea that besides
the simple mechanism proposed by Johansson et al. [6] other
type of interactions contribute, and may  even become dominant,
to the two-phase formation at high NaPA 8000 contents. Most
studies assessing the impact of the cation core are related with
IL/salts-based ABS. When dealing with polymeric ABS containing
ILs, the interactions are by far more complex [18,37,38], and
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onsequently, additional molecular insights are needed for a full
icture of the phase separation mechanism in polymer-polymer
BS induced by ILs used as electrolytes.
Because the partition of molecules in general is also inﬂuenced
y the concentration factor, the electrolyte concentration on the
BS formation was also assessed by varying the amount of either
aCl and [C2mim][N(CN)2] (IL with the highest capacity to promote
BS formation) from 0.1 to 5.0 wt% being the respective binodal
urves depicted in Fig. 3. By increasing the electrolyte concentra-
ion and thus the ionic strength, enhanced capacities to induce
BS formation are achieved as previously shown [6,39] (Table 1).
t high concentrations of NaCl, its effect seems to be less rele-
ant, which can be attributed to a saturation effect, described by
he non-relevance of the addition of more concentration of elec-
rolyte to promote the phase separation, as discussed elsewhere
6]. This phenomenon of saturation justiﬁes thus the ﬂatter form of
he binodal curves, which means that even if more salt is added, the
hase separation is not signiﬁcantly changed. In the speciﬁc case
f [C2mim][N(CN)2], the saturation was not achieved, the results
escribing thus its signiﬁcant capacity to promote binodal curves
loser to the water-rich region with the increase of the IL content,
xplaining the “round” shape of the binodal curves described for the
arious amounts of IL. This different tendency can be attributed to
he different hydrophobicity of NaCl vs. [C2mim][N(CN)2]. In this
ense, the stronger capacity of NaCl to induce phase separation
ompared to [C2mim][N(CN)2] is minimized at lower electrolyte
oncentrations (e.g. 0.1 wt%) and fades at higher concentrations of
aPA 8000.
.2. Application of the studied ABS as puriﬁcation platforms
After the study of the binodal curves which showed the ability
f the ILs to induce ABS formation in polymeric systems, these are
ow evaluated for the extraction of cytochrome c and chloranilic
cid, and used to gather information about the ILs’ partition (KIL) on
hese systems as well as their pH. Most of ILs preferentially migrate
owards the NaPA 8000-rich phase (KIL < 1) likely due to the strong
nteractions between the ILs’ cation with the negatively charged
oieties of the polymer (NaPA is negatively charged at neutral
H, due to the presence of carboxylic groups in the main chain);
owever [C2mim][N(CN)2] partitions almost equally between both
hases. This parameter is important as the ILs may  interact with the
arget molecules affecting the performance of this technology. Fig. 5
ig. 5. (A) Representation of the extraction efﬁciencies (EE, %) for CA ( ) and Cyt c ( )
inorganic salts or [C2mim]X) along with the pH of both PEG 8000-rich ( ) and NaPA 
artition of the compounds. (For interpretation of the references to color in this ﬁgure legemistry 50 (2015) 661–668
provides information about the results obtained for the extraction
efﬁciency of the two target molecules selected for investigation in
this work, as well as about the pH values of both phases. Although
these systems are not buffered, the pH is kept practically constant
around neutral/slightly alkaline values (only minor variations from
7 to 8 were observed, Fig. 5A), allowing the molecules’ charge to be
kept during the partition experiments.
After the ABS characterization, partitioning studies of two model
molecules, namely CA and Cyt c, were conducted in which the
extraction efﬁciencies were considered for discussion. Those were
carried out using ABS composed of 15 wt%  PEG 8000 + 4.5 wt%
NaPA 8000 + 5.0 wt% of electrolyte (either ILs or inorganic salts).
Actually, high extraction efﬁciencies were attained, ranging from
80.13 ± 1.45% to 97.85 ± 1.37% for CA (top phase) and from
86.23 ± 3.75% to 100% for Cyt c (bottom phase). Carefully analysing
the results shown in Fig. 5A and inspecting the visual aspect of the
phases (Fig. 5B), it is possible to observe a complete migration of Cyt
c and CA towards opposite phases in all systems investigated, which
demonstrates the potential of these systems for selective extrac-
tion. Although the selectivity is not relevant for the two model
compounds here investigated these results suggest that it will be
possible, through the proper design of the ABS, to manipulate the
selectivity of the extraction of other compounds found in more
complex matrices, in which the number of distinct classes of high
value compounds is signiﬁcant. This selectivity may be explained
by a balance of interactions acting in each phase and between the
main ABS components and the target compounds under investiga-
tion. The partition phenomenon of Cyt c seems to be governed by
“NaPA 8000–Cyt c” interactions, since Cyt c is positively charged at
neutral pH (pI  ≈ 10.0) [40], giving rise to electrostatic interactions
with the NaPA 8000 negatively charged species, which seem to be
incremented by additional “Cyt c–electrolyte” interactions.
In what concerns the CA, its preferential migration towards the
PEG 8000-rich phase seems to be controlled by a balance between
the “PEG 8000–CA” favourable hydrophobic interactions and the
“NaPA 8000–CA” electrorepulsive effects. If in one hand, CA displays
a log P of 1.22 that indicates a preference for more hydrophobic
environments (e.g. PEG 8000 layer), on the other hand this com-
pound is negatively charged at neutral pH (pKa of 0.58 and 3.18)
[18], thus having less tendency to favourably interact with the
negatively charged compounds at the NaPA-rich phase. While no
signiﬁcant differences with the electrolyte adopted at the level of
the extractive performances are observed, the KCA contrarily to the
 in the ABS composed of 15.0 wt%  of PEG + 4.5 wt% of NaPA + 5.0 wt%  of electrolytes
8000-rich ( ) phases. (B) The colours of the phases allow the observation of the
end, the reader is referred to the web  version of the article.)
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Fig. 6. Effect of electrolyte concentration on the partition coefﬁcients, KCA (dots)
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8nd extraction efﬁciency data, EECA % (bars) of CA. NaCl data represented in blue
nd  [C2mim][N(CN)2] in purple. (For interpretation of the references to color in this
gure legend, the reader is referred to the web  version of the article.)
ECA, is boosted by the use of inorganic salts as electrolytes (max-
mum KCA of 10.91 ± 0.41 attained for Na2SO4) when compared to
Ls (maximum KCA of 4.18 ± 0.29 obtained for [C2mim][DMP]). The
CA values determined for this set of ABS along with additional pic-
ures of each coloured/uncoloured phases (for CA and Cyt c) are
rovided in the Supporting Information ﬁle in Table A.5 and Figure
.2, aimed at supporting the observations about the preferential
artitions observed.
As an attempt to improve the extractive performance of this
lass of ABS, the effect of electrolytes’ concentration was stud-
ed by using either [C2mim][N(CN)2] or NaCl at 5.0, 2.5, 1.0 and
.1 wt%. As shown in Fig. 6 and Table A.6 from Supporting Infor-
ation, it is clearly noticed that the extractive performance is
nhanced by lower electrolyte concentrations. The most auspicious
esult was achieved using 0.1 wt% of NaCl, where highest KCA value
18.47 ± 0.23, circa 3.5 times higher than that achieved using 5 wt%
f NaCl) while keeping levels of 100% of EECA. Similar evidences are
ound for the lowest IL concentration (0.1 wt%), which is prompting
he CA migration towards the PEG 8000-rich phase (circa 5 times
ore than with the use of 5 wt% of IL regarding the KCA values
epicted and 10% more in terms of EECA data). Hereupon, at this
ower IL concentrations, “CA-ILs” interactions are much weakened
n the whole system, thus decreasing the screening on the elec-
rorepulsive effect of NaPA 8000 upon the dye forcing its partition
o the PEG 8000-rich phase, boosting the KCA values. This effect
s depicted in Fig. 6, for the two electrolytes studied. This signiﬁ-
ant reduction at the level of the ILs’ consumption together with
he known easy recyclability of both PEG [41] and NaPA [42] poly-
ers is of paramount relevance from the industrial point of view,
ince not only the costs are reduced due to the fact that these sys-
ems can be richer in water and use lower amounts of electrolyte,
ut also because the reuse of the principal components of the sys-
em becomes an easier task. Both cost and environmental impacts
inked to the use of ILs can be decreased, due to lower separation
equirements in the additional stages aimed at their recovery and
euse processes [43]. This will certainly encourage more studies
o understand their behaviour at the molecular level and optimize
heir extractive performances as well as their implementation at
ndustrial level.. Conclusions
New experimental phase diagrams composed of PEG
000 + NaPA 8000 + water and several ILs as electrolytes wereemistry 50 (2015) 661–668 667
determined at (298 ± 1) K and atmospheric pressure. Firstly, it is
important to remark that this class of ABS reveals a greater aptitude
to undergo phase separation when compared to other IL-based
ABS. The ability of the electrolytes to promote the ABS formation is
ruled by the electrolytes’ ionic strength, being the inorganic salts
(NaCl and Na2SO4) more effective than the ILs here investigated,
this difference decreasing at lower concentrations of electrolyte.
Considering the IL structural features, the anion moiety effect is
well-deﬁned, i.e. lower hydrogen-bond basicity induces larger
biphasic regions; however, the effect of the cation core is more
complex. Higher electrolyte concentrations are more beneﬁcial to
form ABS. In a biphasic system this result in a PEG 8000-rich (top)
phase and a NaPA 8000-rich (bottom) phase, towards which the IL
preferentially migrates.
The application of these ABS in the extraction of Cyt c and CA
revealed an efﬁcient and selective separation process. While Cyt c
accumulated in the NaPA 8000-rich phase, mainly due to electro-
static interactions, the CA preferentially migrated towards the PEG
8000-rich phase as the main result of hydrophobic interactions and
electrorepulsive effects. It was  further shown that the extraction
parameters could be signiﬁcantly improved by lowering the elec-
trolyte concentration down to 0.1 wt%. In this context, both cost
and environmental impacts are signiﬁcantly reduced, what may
lead the creation of more competitive separation processes based
on ABS.
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